We investigate the properties of a dark matter sector where supersymmetry is a good symmetry. In this context we find that the stability of the dark matter candidate is possible even when R-parity is broken in the visible sector. In order to illustrate the idea we investigate a simple scenario where the dark matter candidate is the lightest scalar field in the dark sector which annihilates mainly into two sfermions when these channels are available. We study the relic density constraints and the predictions for the dark matter detection experiments.
I. INTRODUCTION
The possibility to describe the properties of the cold dark matter in the universe using a candidate in various particle physics scenarios has been studied for a long time. For a review of different candidates see Ref. [1] . One of the most popular dark matter candidates is the lightest supersymmetric particle in SUSY theories. In this type of scenario typically one considers the lightest neutralino [2] [3] [4] or the gravitino [5] as dark matter candidates. Both candidates have been investigated in great detail by many experts in the field. Unfortunately, in these models one has a large number of free parameters and it is difficult to make unique predictions which can be tested in current or future dark matter experiments.
It is well-known that in order to guarantee the stability of the lightest neutralino in supersymmetric models the so-called R-parity symmetry is assumed. The case of the gravitino is different because its lifetime can be large enough even if Rparity is broken [5] . The possibility to understand the origin of R-parity conservation has been investigated by many groups. However, the simplest way to study this issue is to consider the B-L extensions of the Minimal Supersymmetric Standard Model (MSSM) where after symmetry breaking one can obtain R-parity as a symmetry at the low-scale. See Refs. [6] [7] [8] [9] [10] [11] [12] for the study of this problem in some supersymmetric scenarios and Refs. [13] [14] [15] for recent phenomenological studies of these models. Unfortunately, even if in these scenarios we can understand dynamically the origin of R-parity conservation it is difficult to make interesting predictions for dark matter experiments since we can have several dark matter candidates, the neutralinos or right-handed sneutrinos, and as in the MSSM there are many free parameters.
In this Letter we investigate the properties of a dark matter sector where supersymmetry is a good symmetry before the breaking of the gauge symmetry. In this context we do not need to impose a discrete symmetry to guarantee the stability of the dark matter candidate and even if R-parity is broken in the visible sector he dark matter candidate is stable. To study this idea of having a supersymmetric sector we consider a simple scenario where in the visible sector we have the minimal B-L extension of the MSSM [16] and in the dark sector we have two chiral superfields with B-L quantum numbers. Here the link between the visible and dark sector is defined by the B-L gauge force which is broken in the visible sector by the vacuum expectation value (VEV) of the right-handed sneutrinos. We find that after the B-L breaking a mass splitting is induced in the dark sector and the lightest field is the only possible candidate for the cold dark matter in the universe. In this model the dark matter candidate annihilates mainly into two sfermions when these channels are available. We investigate the different scenarios where we can achieve the observed dark matter relic density and the possible predictions for dark matter experiments. We find that the current bounds from the Xenon100 experiment set strong constraints on this type of models where the elastic dark matter nucleon cross section is through a neutral gauge boson.
This article is organized as follows: In Section II we define a simple scenario with a supersymmetric dark matter sector. In Section III we show the possible scenarios where one can achieve the relic density observed by the experiments. The constraints coming from the direct detection experiments are investigated in Section IV, while we summarize the main results in Section V.
II. SUPERSYMMETRIC DARK SECTOR
In general we can consider a simple extension of the standard model which is composed of a visible sector, a dark matter sector and the interactions between them. In this case the Lagrangian can be written as
The can have a model with broken SUSY in the visible sector but SUSY still is a good symmetry in the dark matter sector. In order to achieve this type of scenario we can assume that supersymmetry breaking is mediated as in "gauge mediation", where the messenger fields only have quantum numbers of the visible sector, and the soft terms induced by gravity are very small. Then, the SM singlet fields in the dark sector do not get large soft terms from gravity mediation. In this way, we can say that supersymmetry is a good symmetry in the dark sector. In order to illustrate this idea we will use as visible sector the simplest B-L extension of the MSSM [16] where one can understand the origin of R-parity violating interactions. The dark sector will be composed of the chiral superfieldsX and X with B-L quantum numbers ±n BL . Then, the Lagrangian reads as
where
and the superpotential of the minimal B-L model is given by
See Refs. [16, 17] for the details of the minimal B-L extension of the MSSM. It is important to mention that there is no need to add extra Higgses in the visible sector in order to break the B-L gauge symmetry. In this case B-L is broken by the VEV of the right-handed sneutrinos as studied in Refs. [16, 17] . We will show that once the right-handed sneutrino gets a VEV R-parity is spontaneously broken but still the dark matter candidate is stable. Here we assume that the fields, X andX, do not have interactions with the right-handed neutrinos, i.e. the couplings (ν cνc ) pX n are not present. This means that 2p − n n BL = 0, where n and p are integer numbers.
One of the most interesting consequences of having "exact" supersymmetry in the dark sector is that the scalar fields, X andX, do not get a VEV in most of the cases. Using the Lagrangian above we can compute the scalar potential for the X andX fields,
Notice that here we have included the contribution to the B-L D-term due to the VEV of right-handed sneutrinos, ν c = v R / √ 2, the field which breaks B-L in the visible sector. Then, one can see from the above equation that once B-L is broken we induce a mass splitting between the scalar fields in the dark matter sector. The relevant scalar potential for our discussion is given by
and we find the following minimization conditions:
Now, we can think about different scenarios:
• Case 1) We can have the trivial solutions, v X = vX = 0, and the lightest field in the dark sector is stable.
• Case 2) v X = 0 and vX = 0: Using the Eq. (8), and Eq. (9) we can show that in this case there is a solution only when µ X = 0. However, in this case the fermion partnersX andX are massless.
• Case 3) v X = 0 and vX = 0: In this case we can have the solution
if M 2 X < 0.
• Case 4) v X = 0 and vX = 0: There is no solution in this case.
Then, in general we can say that the scalar fields do not get a VEV even if they have a mass splitting due to the B-L Dterm and when M 2 X > 0. This is an important result which guarantees the stability of the lightest field in the dark sector and we do not need to impose any extra discrete symmetry. Notice that in this analysis we have neglected the contribution from the kinetic mixing between hypercharge and B-L, which does not change our conclusion.
In order to understand the existence of a dark matter candidate let us study the spectrum in the dark matter sector. In Eq. (7) we have the masses for the scalar fields, while the mass of the fermionic candidates is
Therefore, the lightest field in the dark sector is the scalar field X. Here we are using the convention where n BL is positive. Now, are these fields stable at cosmological scales?
The field X can decay into its superpartnerX and SM fermions because R-parity is broken in the visible sector. In the case ofX andX we have a similar situation, they can decay toX and SM fermions as well. Therefore, only the lightest field in the dark sector,X, can be stable even if R-parity is broken in the visible sector. This is an interesting result which is a consequence of having "exact" supersymmetry in the dark matter sector before B-L is broken in the visible sector. Before we finish this section we would like to stress the existence of the relation between the masses of all fields in the dark sector:
where the mass of the B-L neutral gauge boson is given by
Notice that the supertrace mass formula, Str M 2 = 0, is valid here since we have the same splitting for the scalar components but with different signs. Here we neglect possible Planck scale suppressed operators due to gravity effects.
III. DARK MATTER RELIC DENSITY
The B-L D-term defines how the dark matter candidate annihilates into two sfermions when these channels are available. Here we will focus on the scenarios where the dark matter candidate is always heavier than a least one sfermion in the MSSM. In the case when the mass ofX is below M Z BL /2 the main annihilation channels are in fact those with two sfermions:
and the annihilation cross section in the non-relativistic limit is given by
Here Mνc = M Z BL and λ = g 2 BL n BL /4 for sleptons. Now, we can compute the approximate freeze-out temperature x f = MX /T f . Writing the thermally averaged annihilation cross section as σv = σ 0 (T /M X ) n , then the freeze-out temperature is given by
where M P l is the Planck mass, g is the number of internal degrees of freedom and g * is the effective number of relativistic degrees of freedom evaluated around the freeze-out temperature. As is well-known, the present day energy density of the relic dark matter particlesX is given by
where we have used the fact that g * ,S (T ) = g * (T ) in our case (all particle species have a common temperature). We will use the present day dark matter energy density to be Ω DM h 2 = 0.112 ± 0.006 [18] for our numerical study and in our case n = 0.
It is important to mention that in this model we have the following free parameters:
together with MSSM parameters Mf i , and tan β. Our results are not very sensitive to the values of tan β since the annihilation cross section in our study is basically independent of this parameter. In order to illustrate our main idea we will show the numerical results in simplified models where the dark matter candidate can annihilate into two MSSM sleptons when these channels are available. When the dark matter mass is below the slepton mass one can have the annihilation into two SM fermions at the one-loop level. In this Letter we will focus on the simplest possibility which corresponds to the case when X is always heavier than the sleptons in the MSSM and the squarks are much heavier. Before we do the numerical analysis it is important to understand the spectrum of sfermions in this theory. This aspect of the theory has been studied in Ref. [17] . Here we will assume for simplicity that the lightest sfermions are the sleptons, and their masses are given by
Notice that the rest of the fields with positive B-L are heavier due to the positive contribution from the B-L D-term. In 
Mẽ = 200
GeV and n BL = 1/3. Here we assume a simplified model where the annihilation is only possible to one family of sleptons. Notice that for this type of scenario the gauge coupling has to be change between 10 −1 and 10 −0.4 , in order to achieve the relic density consistent with cosmological observations. As we will discuss later, this type of scenario is allowed by the constraints coming from direct detection experiments, which we discuss in detail in the next section.
In order to have a better idea of how to achieve the right relic density we show in Fig. 2 the values for the relic density when changing the dark matter mass MX , when tan β = 6, n BL = 1/3, and M Z BL /g BL = 4 TeV. Here the blue dots correspond to the solutions for g BL = 0.1 ÷ 0.2, the green dots are for g BL = 0.2 ÷ 0.3, the orange dots are for g BL = 0.3 ÷ 0.4, and the red dots are for g BL = 0.4 ÷ 0.5. We also scan over the slepton mass between 100 GeV and the dark matter mass. Notice that we find many solutions which are consistent with relic density bounds when the gauge coupling is between 0.3 and 0.5.
It is easy to understand the results presented in Fig. 1 and Fig. 2 . When the gauge coupling is small or we increase the dark matter mass we suppress the annihilation cross section, we can achieve the relic density allowed by the experiments. The only way to achieve solutions when the gauge coupling is close to one is to suppress the phase space choosing a small splitting between the slepton mass and the dark matter mass. Notice that the annihilation through the Z BL is suppressed in these scenarios because the B-L gauge boson is very heavy and the cross section is p-wave suppressed. Also we can have other annihilation channels into two quarks at one-loop level but these are also suppressed by the squark masses.
IV. PREDICTIONS FOR DM DIRECT DETECTION
The couplings of the Z BL to quarks and the dark matter candidate,X, can lead to a potentially sizable spinindependent elastic scattering cross section between dark matter and nuclei. The cross section in this case is given by
where A and Z are the atomic mass and atomic number of the target nucleus and f (p,n) are the effective couplings to protons and neutrons:
Here, we have used gXX Z BL and g qqZ BL to denote the effective coupling strengths of the respective vertices. For any quark we have g qqZ BL = g BL /6 and gXX Z BL = n BL g BL /2. Now, using the relations above we can write the dark matter nucleon cross section as
where µ = MX m n /(MX +m n ), and m n is the nucleon mass. It is well-known that the dark matter spin-independent elastic cross sections are tightly constrained by the Xenon100 experimental results [19] . In Fig. 3 we show the numerical values for the elastic DM-nucleon cross section as a function of the dark matter mass MX . Here we use different values for the ratio M Z BL /(g BL √ n BL ) and show the bounds from Xenon10 [20] and Xenon100 [19] experiments. The best limits on our model TeV. Then, we can say that the dark matter experiment Xenon100 sets a strong bound on the gauge boson mass if n BL is not very small.
In Fig. 4 we show the correlation between the values for the spin-independent cross section and the dark matter relic density when Mẽ = 100 GeV, tan β = 6, n BL = 1/3, 0.1 TeV ≤ M ZBL ≤ 10 TeV, and 0.1 ≤ g BL ≤ 1, for different values of the dark matter mass. Then, in this way we can see that there are not many allowed solutions by the relic density constraints assuming the mentioned values of the free parameters. Since the range of the parameter space is quite representative we can say that it is not easy to find solutions in agreement with the experiments. If we think about the testability of this model for dark matter one can imagine a very optimistic scenario where we can know the parameters M Z BL , g BL , Mẽ, and tan β from the Large Hadron Collider or future collider experiments. Then, we could get the rest of the parameters n BL and the dark matter mass MX using the constraints from relic density and direct detection experiments. For example, suppose that in a dark matter experiment such as Xenon100 you find a signal which corresponds to a cross section of 10 −45 cm 2 . If the collider experiments measure say, g BL = 0.3, tan β = 6, M Z BL = 2 TeV and Mẽ = 200 GeV and we require Ωh 2 ≤ 0.112, this corresponds to n BL = 0.54 and 986 GeV ≤ MX ≤ 1014 GeV. The bounds of this inequality achieve Ωh 2 = 0.112. In this way we could think about the testability of this scenario. Of course, that the discovery of supersymmetry and of a B-L gauge boson is crucial to start thinking about it.
SUMMARY AND OUTLOOK
In this Letter we have investigated a simple scenario for the cold dark matter in the universe where the sector responsible for dark matter has "exact" supersymmetry before symmetry breaking. In order to achieve this type of scenario we assume that supersymmetry breaking is mediated as in "gauge mediation", where the messenger fields only have quantum numbers of the visible sector, and the soft terms induced by gravity are very small. The SM singlet fields in the dark sector do not get large soft terms from gravity mediation and we can say that supersymmetry is a good symmetry in the dark sector.
In order to illustrate our idea we consider the case where in the visible sector we have the simplest B-L extension of the minimal supersymmetric standard model while the dark sector is composed of two chiral superfields with B-L quantum numbers. We have found that in this case the dark matter candidate is the lightest scalar field in the dark sector and the B-L D-term induces a mass splitting after the symmetry is broken.
We noticed that the dark matter candidate is stable even if R-parity is spontaneously broken in the visible sector. Since the link between the visible and dark sectors is through the B-L gauge force, the dark matter annihilates mainly into two sfermions when these channels are available. We have shown the allowed parameter space by the relic density and direct detection experiments in simplified scenarios where the annihilation is mainly into two sleptons. In the case when the dark matter candidate is below 100 GeV, the DM annihilation is mainly into two fermions at the one-loop level where inside the loops you have the sfermions and gauginos. The details of the scenario for light dark matter and the annihilation into photons will be investigated in a future publication [21] .
